This article reports on the design and characteristics of substrate mimetics in protease-catalyzed reactions. Firstly, the basis of protease-catalyzed peptide synthesis and the general advantages of substrate mimetics over common acyl donor components are described. The binding behavior of these artificial substrates and the mechanism of catalysis are further discussed on the basis of hydrolysis, acyl transfer, protein-ligand docking, and molecular dynamics studies on the trypsin model. The general validity of the substrate mimetic concept is illustrated by the expansion of this strategy to trypsin-like, glutamic acid-specific, and hydrophobic amino acid-specific proteases. Finally, opportunities for the combination of the substrate mimetic strategy with the chemical solid-phase peptide synthesis and the use of substrate mimetics for non-peptide organic amide synthesis are presented.
Introduction
In addition to the natural function of enzymes, their capability of catalyzing selective transformations also makes these biomolecules useful catalysts in synthetic organic chemistry. The enzyme of choice for the synthesis of peptides or proteins should be the ribosomal peptidyl transferase or, alternatively, the microbial nonribosomal multienzyme complexes. Both enzyme systems catalyze the synthesis of peptides and proteins in vivo with remarkable properties, i.e., high reaction rates, independence of the sidechain functions of the amino acids, mild reaction conditions using water as solvent, regio-and stereospecificity and, therefore, absence of racemization and no need for side-chain protection. The synthetic use of these biocatalytic approaches would indisputably facilitate the chemical synthesis of peptides which often suffers from problems such as racemization, time-consuming sidechain protection and deprotection strategies, poor solubility of protected peptide fragments, and length limitation. Unfortunately, the ribosomal enzyme system essentially requires a coordinated action of numerous low and high molecular weight factors for their catalytic activity which restricts their use in vitro for peptide synthesis from being easily and universally applicable (1) . In the same way, the nonribosomal poly-or multienzymes which are involved in the biosynthesis of F. Bordusa peptide antibiotics (2) are only limited to special purposes. Owing to the prediction of the general reversibility of chemical reactions by vant Hoff, only the reverse hydrolysis potential of proteases can alternatively be used to catalyze peptide bond formation. Like the original in vivo pathways of peptide synthesis, the protease-mediated peptide bond formation occurs with a comparable high degree of regio-and stereospecificity and, furthermore, reactions can also be performed in aqueous solvents under mild reaction conditions (3) (4) (5) . However, as already indicated by the natural function of these enzymes for the cleavage of peptides and proteins, proteases do not act as perfect acyl transferases. The amidase activity of proteases which may cause undesirable proteolytic cleavages of the peptide chain formed and the limited substrate specificities of these enzymes which restricts the amino acid residues accepted for coupling are the major disadvantages of this approach. This article reviews the strategy of substrate mimetics as a general and powerful concept for programming the substrate specificity of proteases in the direction of a more flexible utility of these enzymes as biocatalysts in synthetic organic chemistry. Furthermore, enzymological insights at the molecular level in binding of substrate mimetics and kinetics of substrate mimetic-mediated protease reactions are described.
Basis of protease-catalyzed peptide bond formation
Generally, within the methods of protease-catalyzed peptide bond formation two basic strategies are distinguished, i.e., a thermodynamic and a kinetically controlled approach (6) . The thermodynamic strategy represents the direct reversal of catalytic proteolysis and ends with a true equilibrium. Since this equilibrium-controlled approach is an endergonic process, manipulation of reaction conditions is essentially required to shift the equilibrium in the direction of the peptide product to increase the yield of the coupling reaction (7) . In the kinetically controlled approach the serine or cysteine protease acts as a transferase catalyzing the acyl transfer from a substrate ester to an N aunprotected amino acid or peptide derivative forming a new peptide bond. Compared to the thermodynamic strategy, the kinetically controlled approach is faster and usually allows a more efficient manipulation resulting in higher product yields. Figure 1 illustrates the general kinetic scheme of the kinetically controlled peptide bond formation. Initially, the binding of the substrate ester to the enzyme leads to a tetrahedral enzyme-substrate complex which collapses to the covalent acyl enzyme intermediate Ac-E. In the common course of protease action, the deacylation step is initiated by the attack of water finally resulting in the hydrolysis product Ac-OH and the free enzyme EH. The value of the kinetic approach for peptide synthesis is based on the fact that Ac-E can be intercepted not only by water, but also by nucleophiles acting as amino components in peptide synthesis. The significant enhancement of esterase versus amidase activity of such acyl enzyme-forming proteases leads to a high rate of peptide bond formation while the rate of proteolysis of the newly formed amide bond is lower. Consequently, these different rates lead to a temporary accumulation of the peptide product. In Figure 1 -Kinetic model of a protease-catalyzed acyl transfer reaction. EH, Free enzyme; Ac-X, acyl donor; HX, leaving group; Ac-E, acyl enzyme complex; Ac-OH, hydrolysis product; HN, acyl acceptor; Ac-N, aminolysis product.
contrast to proteolytic cleavage, the proteasecatalyzed formation of a peptide bond is a two-substrate reaction (Figure 1 ). While the acyl donor binds to the S-subsite of the enzyme the amino component acting as an acyl acceptor interacts with the S-binding site (subsite notation according to Ref. 8) . The efficiency of the nucleophilic attack of the added amino component depends on an optimal binding in the S-subsite region of the protease. Since the S-subsite specificity is an individual parameter for each enzyme, the efficiency of peptide bond formation and, thus, the synthetic utility as a biocatalyst differs from enzyme to enzyme and can be predicted by subsite mapping based on acyl transfer studies (2).
Characteristics of protease-catalyzed kinetically controlled peptide synthesis
The synthetic value of proteases as biocatalysts for peptide synthesis is based on a number of advantages of this approach over chemical synthesis methods. The extraordinarily mild reaction conditions, the possibility of using immobilized enzyme technology with catalyst recovery, the scope for industrial scale-up, and especially the high degree of regio-and stereospecificity, which guarantees freedom from racemization and from the need for side-chain protection, represent the major advantages of the protease approach. Because of these characteristics, in particular the protease-catalyzed condensation of side-chain unprotected peptide fragments represents a promising method for the synthesis of larger peptides and even of proteins (9, 10) .
On the other hand, the classical protease approach used so far has several serious drawbacks: i) Since proteases do not function as perfect acyl transferases, these enzymes catalyze both the acyl transfer to amino components and, simultaneously, the hydrolysis of the acyl donor components (cf. Figure 1) . Thus, the resulting hydrolysis product, which possesses a very low acylation potential, lowers the yield of the desired peptide product. ii) Most important, the specificities of the available proteases do not enable all proteinogenic sequences to be assembled, and non-proteinogenic amino acids usually are not acceptable substrates of these enzymes. Therefore, only the coupling of peptide sequences closely related to preferred amino acid residues is of practical relevance. iii) In the synthesis of longer peptides, there is a permanent risk of proteolytic side reactions both of the starting peptide fragments and the peptide product formed.
As a general result of these drawbacks, the protease approach requires a very careful planning and often time-consuming optimization of the reaction conditions which usually restricts the use of proteases. Therefore, a more flexible use of proteases as biocatalysts for peptide synthesis essentially needs the development of efficient strategies to overcome the causes of the mentioned limitations. Besides the engineering of the reaction media (11) (12) (13) (14) or the enzyme itself (15) (16) (17) (18) , the application of substrate mimetics as acyl donor components particularly appears to be a promising strategy achieving irreversible coupling of nonspecific acyl components.
Mechanism of protease-catalyzed hydrolysis of substrate mimetics
The structural requirement for a protease substrate is the presence of specific amino acids in the acyl moiety, for example Arg or Lys in the case of trypsin. However, it has been shown that also the leaving group has a certain influence on the activity of the protease. Therefore, an extension of the enzyme-substrate interactions toward the Ssubsites is useful to gain still higher specificities (19) (20) (21) (22) . A very different approach is the design of a new class of substrates, originally developed as time-dependent irreversible inhibitors of trypsin and trypsin-like proteases that have a nonspecific acyl residue, but bear a highly specific leaving group. The first examples of such inhibitors were 4-amidino-and 4-guanidinophenyl esters (OGp), at that time termed as inverse esters, which were found to be hydrolyzed by these proteases nearly independent of their acyl moieties (23, 24) . Although this fact was first reported in 1973 (23), only little was known about the basic mechanism of the hydrolysis of these esters. On the basis of the familiar model of substrate recognition (Figure 2 ), conventional ester substrates bind with their acyl residue to the S-binding site of the enzyme having the leaving group at the Ssubsite and the scissile ester bond between attacked by the active amino acid residue of the enzyme (Ser195 in the case of trypsin). In contrast, applying the same binding principles to inverse esters leads to a catalytically unproductive binding as indicated by Figure 2 . The acyl residue would bind at the S-subsite, but the scissile ester bond would be far away from the active site and could not be attacked by Ser195. Hence, hydrolysis would not occur and, therefore, cannot be explained on the basis of the conventional model of substrate hydrolysis.
Undisputably, the elucidation and understanding of the hydrolysis mechanism of substrate mimetics need a detailed knowledge of the enzyme-substrate interactions. X-ray structures of enzyme-substrate complexes would be helpful but are not easily accessible due to the low intrinsic stability of these esters. Alternatively, we have used a non-conventional combination of experimental and theoretical approaches, i.e., hydrolysis and aminolysis kinetics, protein-ligand dockings, and molecular dynamics studies, utilizing trypsin as a model catalyst to demystify the mechanism of substrate mimetic hydrolysis (25) . Table 1 indicates kinetic data for the trypsin-catalyzed hydrolysis of a library of Boc-Xaa-OGp substrates derived from both L-and D-amino acids. Although all substrates were hydrolyzed by the enzyme despite the lacking trypsin-specific acyl moieties, the table shows differences in the second order rate constants k cat / K M of more than three orders of magnitude. On the basis of linear free energy relationships, the values for k cat /K M should be equally reflected by the calculated binding energies. Therefore, the same substrate library was computationally docked towards trypsin. The results of these studies reveal similar specificity data and, therefore, lead to a good correlation between the calculated binding energies and the values for k cat /K M ( Figure  3 ). The splitting up of the data into two sets is based on the distinct lower k cat -values found for the D-configured substrates which cannot be simulated by the theoretical docking approach. Because of the correlation between experimentally observed and theoretically calculated specificities the enzymesubstrate complexes were analyzed in detail. A representative enzyme-substrate complex of trypsin and Boc-L-Ala-OGp was superimposed on the trypsin-BPTI complex (26) which was found by X-ray structure analysis. Indicated by the trypsin-Boc-L-Ala-OGp complex, the OGp-group binds to the S 1 -binding pocket of the enzyme like the sitespecific Lys side chain of BPTI, as already postulated in Figure 2 . Because of this novel binding mode we introduced the denomination substrate mimetics for this type of artificial protease substrates (27) . Comparison of both complexes shows that despite of the OGp-binding at the S 1 -position of the enzyme the scissile ester bond of Boc-L-AlaOGp is exactly located at the same position as the scissile peptide bond between P 1 -Lys15 and P 1 -Ala16 in the trypsin-BPTI complex. Interestingly, this arrangement results from a reverse binding of the acyl residue of Boc-L-Ala-OGp which, contrary to the acyl residue of BPTI (Pro13-Cys14-Lys15), binds to the S-subsite of trypsin instead of binding to the enzymes S-subsite. Due to the correlation of data for hydrolysis and computational docking, this reverse recognition should further result in the formation of an acyl enzyme intermediate having the acyl residue at the S-subsite. The following deacylation step, however, needs an unoccupied S-subsite. Thus, water can attack from the S-side without hindrance. Hence, prior to the deacylation step, the acyl residue has to flip to the S-subsite of the enzyme. Because of this additional intermediate of catalysis, the kinetic model has to be extended by a rearrangement step between the two acyl enzyme species E-Ac and Ac-E characterized by the equilibrium constant K R (Figure 4 ). The experimental findings show (cf. Table 1 ) that D-configured substrates indeed exhibit lower k cat -values which might be related to lower K R -values. The high catalytic efficiency for L-configured substrates could be explained by significantly higher rearrangement equilibrium constants. In order to study the dynamic behavior of various acyl residues, their time-dependent occupancies in the S-and S-subsites for Boc-LAla-and Boc-D-Ala-trypsin have been calculated. Both the rearrangement step itself and the preferred binding of D-configured acyl residues to the S-subsite and L-configured counterparts to the S-subsite could be confirmed (25) . For the experimental investigation of the S-subsite accessibility, aminolysis studies are suitable. By their S-specific binding, peptide nucleophiles should be able to push aside the acyl residue more efficiently from the S-region than water. Table 1 -Steady-state kinetic parameters for the hydrolysis of Boc-Xaa-OGp by trypsin (25) .
Conditions: 25 mM MOPS-buffer, pH 7.6, 100 mM NaCl, 5 mM CaCl 2 , 25 o C; errors are less than 15%.
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Therefore, the aminolysis of acyl enzymes bearing the acyl moiety in S should occur at higher rates than their hydrolysis. Consequently, the ratio of hydrolysis to aminolysis, as given by the partition value p, should be low for D-configured acyl residues and higher for their L-configured counterparts. 
Substrate mimetics for Arg-specific proteases
Beside proposing a unique catalysis mechanism for substrate mimetics, the hydrolysis and analytical acyl transfer experiments also indicate the general ability of 4-guanidinophenyl esters to act as acyl donors in trypsin-catalyzed peptide syntheses. This assumption was confirmed for the first time in 1991 by model syntheses of short peptides using various nonspecific N a -protected amino acid-4-guanidinophenyl esters as acyl donors and several amino acid amides as acyl (25) . EH, Free enzyme; Ac-X, substrate; [E..Ac-X], Michaelis-Menten complex; HX, leaving group; E-Ac, acyl enzyme intermediate bearing the acyl residue at the S'-subsite; Ac-E, acyl enzyme intermediate bearing the acyl residue at the S-subsite; Ac-OH, hydrolysis product.
Ac-E
acceptors (28, 29) and later extended by further examples (30, 31) . Our own studies demonstrated that, in addition to single amino acid derivatives, the 4-guanidinophenyl ester functionality also mediates coupling of nonspecific acyl moieties derived from peptides (Table 2 ) (27) . Furthermore, Table 2 contains data obtained with other Arg-specific proteases like thrombin and clostripain, indicating that the concept of substrate mimetics is not limited to trypsin but also holds for trypsin-like enzymes. The largely varying product yields reflect the distinct synthetic utility of the individual enzymes. Generally, the highest yields were obtained with the cysteine protease clostripain, which also provided yields of over 90% for other 4-guanidinophenyl esters of acylated amino acids. An additional decisive advantage of clostripain in substrate mimetic-mediated peptide synthesis results from its low P 1 specificity for the N-terminal amino acid residue of the amino component.
A further important advantage of substrate mimetic-mediated synthesis reactions results from the fact that the C-terminal amino acid residue to be coupled does not function as a specificity determining moiety. Consequently, in contrast to enzymatic reactions using normal-type acyl donors, the peptide bond formed cannot be recognized and, therefore, cannot be cleaved again by the enzyme. As shown by the course of the (3+5) segment condensation of Boc-Phe-Gly-Gly-Ala-PheAla-Ala-Gly-OH (Figure 6 ), the maximum product concentration achieved after a few minutes remains unchanged after 72 h; this clearly proves the irreversibility of this C-N bond forming method.
Substrate mimetics for Glu-specific proteases
On the basis of the insights in the binding and kinetics of substrate mimetic-mediated protease-catalyzed reactions it can be concluded that the concept of substrate mimetics might be a general principle in enzyme catalysis which is not only limited to trypsin and trypsin-like proteases. Assuming this, we expanded the substrate mimetic strategy to anionic leaving groups based on the specificity determinants of Glu-specific endopeptidase from Staphylococcus aureus (V8 protease) (32) .
As shown by our docking studies on the trypsin-type model, the leaving group moiety of a substrate mimetic binds in place of the specificity-determining amino acid side chain of common substrates (25) . Thus, an important condition for this function is a high affinity of the leaving group to the primary substrate specificity of the appropri- Figure 6 -Course of the clostripain-catalyzed (3+5) fragment condensation of Boc-Phe-GlyGly-OGp and H-Ala-Phe-Ala-AlaGly-OH (27) . Boc-Phe-Gly-GlyOGp (triangles); Boc-Phe-GlyGly-Ala-Phe-Ala-Ala-Gly-OH (squares); Boc-Phe-Gly-Gly-OH (circles). Conditions: 50 mM HEPES-buffer, pH 8.0, 100 mM NaCl, 10 mM ate enzyme, i.e., to the strong Glu-preference of V8 protease at the S 1 -subsite. Unfortunately, the still unknown 3-D structure of this enzyme allows only the design of suitable mimetic moieties by empirical structure-function relationship studies based on the known natural enzyme specificity. Along this line, the carboxymethyl thioester group was selected as a potentially suitable leaving group for imitating specific Glu residues.
The ability of the carboxymethyl thioester group to serve as an artificial recognition site for V8 protease was first been examined by steady-state hydrolysis kinetic studies. The resulting specificity constants (k cat /K M ) calculated from the linear slopes of the corresponding curves are listed in Table 3 . Generally, the carboxymethyl thioester group was found to mediate a specific hydrolysis of all substrates independently of its C-terminal amino acid by V8 protease. This also holds for Pro and even for the non-coded D-conformer of Ala. Remarkably, D-Ala causes only a slight decrease in specificity compared to the L-counterpart. In contrast to this non-specificity of the enzyme for the acyl residue, the negative charge of the leaving group is essential to mimic substrates. Accordingly, the lack of this charge in the case of Z-Phe-SCam causes a complete loss of specificity. Analyzing the specificity constants for the carboxymethyl thioesters, a one to four orders of magnitude lower specificity compared to the common substrate was found. Interestingly, the elongation of the peptide chain in the case of Z-Pro-LeuGly-SCm increases the specificity by one order of magnitude compared to the shorter counterparts, resulting in a 35-fold lower k cat /K M value than found for Z-Glu-SMe.
Further studies have evaluated the utility of carboxymethyl thioesters for V8 proteasecatalyzed peptide synthesis. For this purpose, the newly developed substrates listed in Table 3 served as acyl donors in model acyl transfer reactions using amino acid and dipeptide amides as acyl acceptors (Table  4 ). It was found that each carboxymethyl thioester was able to act as an acyl donor for V8 protease-catalyzed peptide synthesis independently of its acyl moiety, as predicted by the hydrolysis kinetic studies. Table 4 shows that the p-values observed for the substrate mimetics are comparable to that of the normal-type acyl donor Z-Glu-SMe in most cases. Moreover, when dipeptide amides were used as acyl acceptors lower p- Figure 7 confirmed this suggestion. Consequently, for the penta-and decapeptide for both acyl acceptors lower pvalues and, therefore, higher product yields could be obtained than found for the small dipeptide amides, whereas the decapeptide is more effective than the pentapeptide. In addition to carboxymethyl thioesters, other types of esters mediate acceptance by V8 protease (33) . Beside the one methylene group extended carboxyethyl thioester analogs, various carboxyphenyl esters and thioesters were found to be specifically hydrolyzed by V8 protease. Surprisingly, despite the lower degree of structural similarity, the aromatic part of the leaving groups led to even higher specificity constants than found for the aliphatic counterparts. This finding indicates that the degree of structural similarity between site-specific amino acid side chain and leaving group obviously does not represent the only parameter to be considered for the design of substrate mimetics.
Substrate mimetics for aromatic and hydrophobic amino acid-specific proteases
Beside proteolytic enzymes with a specificity for positively and negatively charged amino acid residues, a third important class of proteases are represented by enzymes which are specific for aromatic and hydrophobic amino acid moieties. The most wellknown representatives of this class are the serine proteases chymotrypsin and subtilisin. Both enzymes have been well investigated for classical enzymatic peptide synthesis and have been found to be suitable biocatalysts (3,4,7) . Therefore, the two enzymes are interesting targets for substrate mimeticmediated reactions.
With respect to natural specificity, chymotrypsin and subtilisin primarily prefer large hydrophobic and aromatic amino acid residues. Furthermore, the S 1 -binding pocket of subtilisin contains a carboxylic acid moiety (Glu156) which causes additional activity towards Arg and Lys (34) . Thus, aromatic leaving groups with additional positively charged substitutions, e.g., 4-guanidinophenyl esters, should fit well the natural specificity of the enzymes.
In addition to this empirical design of specific mimetic moieties, the known protein structures of the two proteases also allow the use of rational approaches. Especially, the already described computer-assisted protein-ligand docking approach seems to be helpful for the design and optimization of leaving groups with a high binding specificity. Moreover, on the basis of knowledge about substrate mimetic recognition and the mechanism of catalysis, this approach may also allow an estimation of whether the calculated binding leads to hydrolysis. Thus, we utilized the docking approach to predict the function of the 4-guanidinophenyl ester functionality to act as an artificial recognition site for chymotrypsin (Günther R Figure 8 shows the arrangement of the ligand at the active site of chymotrypsin in the lowest energy complex (A) in comparison to that found for trypsin (B) (25) . Corresponding to the natural specificity of chymotrypsin, hydrophobic contacts between the phenyl moiety of the ester group and the amino acid residues Cys191 and Val213 of the enzyme predominate. Moreover, the guanidino functionality favors this binding mode by formation of additional hydrogen bonds with several serine residues which are located at the bottom of the S 1 -binding pocket. Mediated by the specific binding of the leaving group, the conditions for the catalytic mechanism and the binding behavior of substrate mimetics, namely the orientation of the carbonyl oxygen to Gly193 (oxanion hole), the distance between the carbonyl carbon of the scissile ester bond and the active Ser195, and the reversed binding of the acyl moiety are fulfilled. Since this arrangement leads to specific cleavage of the substrate in the case of trypsin, chymotrypsin should also be capable of hydrolyzing acyl-4-guanidinophenyl esters. This prediction was confirmed by steady-state hydrolysis kinetic studies using several Boc-Xaa-OGp esters and the nonamino acid-derived analog benzoic acid ester (Bz-OGp) ( Table 5 ). These findings impressively show that the computer-assisted protein-ligand docking approach can serve as a useful tool to predict a priori acceptance of a given substrate mimetic by the enzyme. Further studies on the applicability of this rational approach to the optimization or design of novel types of substrate mimetics leading to more specific binding and higher acylation rates are currently underway. Since substrate mimetics are obviously meaningful in protease-mediated peptide synthesis, the predictions of the computational approach were also examined by acyl transfer reactions (Figure 9 ). The results of these studies show that the 4-guanidinophenyl ester functional group enables chymotrypsin to catalyze the peptide bond formation between nonspecific coded and non-coded acyl residues and numerous amino acid and peptide derivatives. By analyzing the efficiency of catalysis for substrate mimetics, yields similar to those found for the normal-type acyl donor Bz-L-Phe-OMe could be obtained. This also holds for reactions with the nonamino acid-derived Bz-OGp, indicating that 4-guanidinophenyl esters of simple car- Figure 8 -Arrangements of Boc-L-Ala-OGp at the active sites of chymotrypsin (A) and trypsin (B) derived from the lowest-energy complexes (Günther R, Thust S, Hofmann H-J and Bordusa F, unpublished results). Shown are the amino acid residues of the enzymes which either form hydrogen bonds (Asp189/Ser189, Ser190, Ser217/Gly219) or have catalytical functions (His57, Asp102, and Ser195). Table 5 -Steady-state kinetic parameters for the chymotrypsin-catalyzed hydrolysis of 4-guanidinophenyl esters (Günther R, Thust S, Hofmann H-J and Bordusa F, unpublished results).
Conditions: 25 mM MOPS-buffer, pH 7.6, 0.1 M NaCl, 5 mM CaCl 2 , 25 o C, 20% MeOH. a Calculated as linear slope of the initial Michaelis-Menten curve in relation to the active enzyme concentration; all errors are less than 15%.
Boc-Gly-OGp boxylic acids can also act as efficient acyl donor components for chymotrypsin-catalyzed coupling. Consequently, chymotrypsin can be used as an efficient biocatalyst for coupling a wide spectrum of acyl components different from those of its natural specificity in form of their 4-guanidinophenyl esters. Furthermore, due to the acceptance of 4-guanidinophenyl esters by trypsin and proteases with trypsin-like specificity, this type of substrate mimetics becomes of general utility for several proteases. Alternatively, the computer-assisted docking approach can also be used for the design of enzyme-selective mimetic moieties. Simple phenyl ester analogs, for example, are practically no substrates for trypsin or trypsin-like enzymes but are specifically hydrolyzed by chymotrypsin (Bigl K and Bordusa F, unpublished data).
Combination of solid-phase peptide synthesis and substrate mimeticmediated segment condensation
An important field of application of proteases is the synthesis of longer peptides by the condensation of peptide fragments. An essential condition for this function is the chemical synthesis of peptide esters which can further be used as acyl donors in enzymatic reactions. Consequently, the utilization of the substrate mimetic strategy for the protease-mediated condensation of peptide fragments indisputably needs a combination with chemical methods, primarily with solidphase peptide synthesis. As known from the literature, the synthesis of peptide esters can be achieved by utilizing the oxime resin strategy (35) (36) (37) . While earlier work established the general applicability of this methodology, we investigated its usefulness for the synthesis of peptide esters in the form of various substrate mimetics (cf. Figure 10A ) (38) . The synthesis protocol involves covalent attachment of the first N a -Boc-protected amino acid to the oxime resin, acetylation of free hydroxylic groups by acetic anhydride, deprotection of the N a -amino group of the attached amino acid, followed by in situ coupling of the next N a -Boc-protected amino acid. The peptide esters can be generated by 
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donors for trypsin-, V8 protease-, and chymotrypsin-catalyzed fragment condensation, as schematically illustrated in Figure 10B . The reactions were performed on a preparative scale using 1:2 ratios of acyl donors to acyl acceptors (V8 protease and chymotrypsin) or 1:2.5 (trypsin). The appropriate peptide products 4, 7, and 11 were obtained in 60-70% yields, demonstrating the high synthetic utility of substrate mimetics for the protease-mediated condensation of peptide fragments.
Substrate mimetic-mediated synthesis of carboxylic acid amides
In contrast to the mostly high primary specificity of proteases, the specificity towards the acyl acceptor (S-subsite specificity) is frequently more relaxed, generally allowing the coupling of a wider spectrum of acyl acceptors (7) . Nevertheless, the product yields usually drop with increasing degree of modification of both the amino acid side chain and the backbone structure, particularly at the P 1 -position. Therefore, only the coupling of acyl acceptors closely related to preferred amino acid residues is of practical relevance, as shown for selected synthesis (39) (40) (41) . The enzymatic synthesis of peptide isosteres or analogs, however, requires strategies which allow the coupling of a broader variety of modified amino acid derivatives and also non-amino acid-derived building blocks. In this context, the use of esterases and particularly of lipases seems to be of higher synthetic utility (42) (43) (44) . Due to the broader substrate specificities of these enzymes, an extended structural diversity of amines and esters undergo the esterase-and lipase-catalyzed aminolysis reaction in preferably anhydrous solvents. However, the organic solvent itself considerably affects the activity of these enzymes, as well as the yield, regio-and stereospecificity of such reactions (45) . Thus, a very careful and often time-consuming optimization of reaction con- aminolysis of the oxime ester linkage between peptide and resin using appropriate N a -deprotected amino acid esters. By utilizing this strategy several peptide esters could be synthesized in the form of different substrate mimetics (Figure 11 ). After final deprotection of the ester leaving group and side chains of trifunctional amino acids, the peptide esters 2, 5, and 9 have served as acyl ditions is required, which prevents the use of esterases and lipases from being easily and universally applicable. Recently, we presented an alternative protease-mediated approach to the coupling of non-coded and non-amino acid-derived amines with esters (46) . The key feature of this method is the combination of the substrate mimetic strategy with the use of clostripain which possesses a broad tolerance toward amines (47) . The general ability of the 4-guanidinophenyl ester functionality to mediate acceptance of non-coded and non-amino acid-derived acyl components by clostripain was demonstrated in reactions of the acyl donors Pbu-OGp and Bz-ß-Ala-OGp with several amino acid and peptide units used as amino components (Table 6 ). Typical time courses of such reactions are illustrated in Figure 12 . Generally, the data show that productive binding and acylation of the enzyme, finally resulting in proteolytically stable amide products, are found with the non-coded but naturally occurring ß-Ala-derivative as well as the nonamino acid-derived 4-phenylbutyric acid ester. Analysis of the efficiency of catalysis showed that product yields within a range of 83 to 98% were reached in all cases, usually higher than 90%. Remarkably, reducing the excess of acyl acceptor, studied for reactions with the pentapeptide, does not decrease the efficiency of coupling reactions with both esters. This atypical behavior indicates that reaching satisfactory yields does not require a large excess of either reactant. This shows the synthetic utility of clostripain also for the coupling of more valuable carboxyl and amino components. Apart from the highly restricted primary specificity, clostripain practically accepts all coded amino acids and also some D-configured counterparts as amino components (48, 49) . Moreover, using a wide range of non-coded acyl acceptors we surprisingly found that clostripain even tolerates amino components considerably different from coded amino acids, such as simple aliphatic, aromatic or substituted amines including unnatural amino acids, amino alcohols, and diamines (47) . This unique specificity distinguishes clostripain from most other known proteases, although little is known about the structural bases of this remarkable behavior. From the synthetic point of view, this broad specificity combined with the substrate mimetic strategy might open an entirely new field of application of this protease to the synthesis of organic amides completely outside of peptide synthesis. To investigate Table 6 -Clostripain-catalyzed coupling of Bz-ß-Ala-OGp and Pbu-OGp with selected amino acid amides and peptides (46) .
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whether this approach can be used in such a manner, enzymatic reactions were performed between 4-guanidinophenyl esters of benzoic acid (Bz-OGp) and 4-phenylbutyric acid (Pbu-OGp), and a number of non-amino acidderived amino components (46) . Generally, the results listed in Table 7 show that clostripain is capable of catalyzing the coupling of both non-amino acid-derived carboxyl and amino components as indicated by individual experiments. With respect to the efficiency of catalysis, most enzymatic reactions led to product yields higher than 70%. Accordingly, only small amounts of hydrolysis prod- Figure 13 shows the dependence of the product yield on the concentration of pentylamine which possesses the highest pK value (10.65) of all amines used. The plots for both acyl donor esters illustrate that even an initial nucleophile concentration of 4 mM, which corresponds to a concentration of deprotonated pentylamine of only 0.009 mM, already leads to product yields of approximately 50%. The results obtained at higher pentylamine concentrations reveal that an increase of nucleophile excess results in nearly complete conversion of the acyl donor esters to the appropriate amides. Accordingly, from the synthetic point of view, this enzymatic approach achieves highly efficient amide bond formation combined with extraordinarily mild reaction conditions. Moreover, neither additional hydroxyl groups nor amine groups within the amino component seem to limit this high synthetic utility. Apart from this high efficiency, clostripain catalyzes the acylation of substituted amines with a remarkably high degree of regiospecificity. As indicated by the lack of acceptance of 1-pentanol, no competitive formation of O-acylated products could be detected for the amino alcohols.
In the same way, the acylation of ethanol, 1-propanol, and 1-octanol failed (data not shown), indicating that clostripain generally does not tolerate alcohols as deacylating components. Interestingly, the asymmetric 1,3-diaminopentane was acylated by the enzyme exclusively on the amino group at position 1, with no acylation of the amino group at position 3. This finding indicates that clostripain accepts amines containing a neighboring branch less well than comparable non-branched derivatives. On the basis of this distinct specificity, clostripain should be a useful tool for selective acylation forming isomerically pure products, without large experimental efforts to protect additional functionalities. In summary, the data described here convincingly show that the substrate mimetic strategy combined with the use of proteases possessing a broad specificity towards the amino component represents a powerful approach to the coupling of both non-amino acid-derived carboxyl and amino components. Since the classical protease-mediated synthesis used so far is usually restricted to the coupling of amino acid and peptide moieties, this approach could open up a new field of synthetic applications of these enzymes completely outside peptide synthesis. This combines efficient and selective organic amide bond formations with the possibility of using extraordinarily mild reaction conditions. 
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